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A ma-gnetoesdyaamic theory of galaxies is presented. The theory 

provides un energy 8ource for the coronal heating called for i n  

theories of Pikelner and Spitzsr.  The magnitude of the energy Bource 

can be calcukted and qpeera adequate for Spitzer's theory end pos- 

s i b l y  for that of Pikelner. In order to a m  with other aspects of 

our knowledge of spiral galaxies, bar spira3.a i n  perticular, it fs 
F 

w i t h  attendant shocks. The a~gular mcrtion of tk g a h x y  produces a 

cer tain diatance -the galac t ic  ceneer &ncl 1s aupersonlc Gutside it. 

We are thus led to .ahat mi@& be called the Sonic Circle Theory of 

galactic structure. The "sonic circle" coincides, i n  the case of' a 1 

Although much work h e  been done and continue8 to be done in an 

attezqt t o  explain galactic s t r u c m ,  almost a l l  basic questions per- m ta ining t o  galectic etructure renain unsolved. To the best of the 

autbar'r k w v a  tkmm arw MU, IDB aeeeyked 

I 



as t o  L%JT (a) Q epirsl &axy mtates with arms trailhg, (b) the 

tips of 8011~3 bare are kinked, ~ o m e  &, and (c) s ~ m e  spirals  

barred, sane not. In the prcserrt paper we shall attempt to deviee 

i3 ~ ~ O h y d r o d y n a m i C  theow that 6- to PI'OVhk possible 8I"3r6 

t o  questions of the  kind j u s t  mentioned and f"themre albm u6 

to colcukte  certain quantitiee that can be checked against their 

values obtained indspenderrtly f r a n  other th@Or%o6~ 

wc are mi* con- with the galactic theories of spitzer 

(19561, Pa'Zh@Z' (3.958), 8lId tho* C O L l t t C h e d  %ll t b  l F2Vh f  t W t i C h 8  

of nin de BuIst ( 1 ~ 8 ) ~  Etnd of Parker (1958), and the work of several 

other ctuthDre, to be mentioned Later, blho heve contributed to OUT 

knowledge of the nagnetic fielda, the atmc"e,  and t h e  k~aematics 

of gefaxfes. 

observation it is nccessery to rely on a very bmad field of 

astmnmicel endeavor ranging through measurement of the polcriza- 

t i o n  of starlight, meammnent of cospfc rays, and radio and optical 

%I elf theme rsfrenitafions beywid the reach af sh9p3.e 

t l s t r o n w  0 

/ 

For brevity we shall refer to our new theory as'the Sonic Circle 

Theory of Galactic Structure, hereafter referred t o  as the S5 theory. 

In the SC theory a apiral galaxy is envlaioned a6 consi&ing of phGZ8- 

magnetic m, ap l ra l  shaped, and in rigid body rotation, fn a =dim 

which consists princ + of a continuum of H XI gaa b ~ t  also i z c ~ d e s  

less inpOrt&ly stars; a d  clouds of H I. The bUSnark of the SC 

theory i r ;  the sollic circle outside of which the mtion of the g a l a c t i c  



I 

subscnlc drac would be comparatively s l iLht .  The r a d i d  d i f fe rence  

between +he charsc te r  of subsonic and sxpersonic flow provides a n a t u r s l  

a l t e r n a t i v e  sey i r a t ing  the  two branches of t h e  Hubble c l a s s l f i c a t i 6 n  of  

e i t h e r  normal s p i r a l s  o r  bar s p i r a l s :  normal s p i r a l s  w i l l  have the  sonic 

c i r c l e  ins ide  t h e  nucleus while barred sp i ra l s  w i l l  heve the  sonic c i r c l e  

outs ide +.lie nucleus end, furthermore, t he  t i p  of the bar w i l l  coincide w i t h  

t h e  sonic c i r c l e .  

The a b i l i t y ,  no matter how setisf$ng, of a g.slnct.ic s t r u c t u r e  theory 

t o  provide plausible explanetions matching the  obeer-;ed v a r i e t i e s ,  need8 

t o  bt s u ~ ~ o r t e d  by some quan t i t a t ive  checks of the  suggested nechenims. 

Fortunately,  we f i n d  i n  the  l i t e r a tu re  two theo r i e s  concerning galexies  

vhich lead t o  c e r t a i n  quont i ta t ive  r e s u l t s  i n  common with sone from the  

SC theory. 

- 

!%;e conaider these quan t i t a t ive  checks, ear ly ,  because of t h e i r  

importmce,  and p r a c t i c a l  independence of  o ther  de t a i l ed  features. The 

over-611 plan is, by eection: 

11. :Ui ;-TIT:ITIVE iJEIIIFIrJ; TIOPE; 111. PRACTICAL CXIJXY :ICEEL, presented 

a re  da ta  frorr: the l i t e r a t u r e  t o  support Sect,ion 11; IV. &'SIC IDEL, t he  

SC thcory  i s  formally introduced; V. 3OOT BE?33ING QliESTIOR, an i n t e r e s t i n g  

aspect  of the  SC theory i s  considerrd i n  d e t s i l ;  YI. 

CXTiOY - A I 3  TFE SC TEOEY.  

THE tlc3ELE CL'sSSIFI- 

I I. 'JUjGTITl.? rsrE TEF.I? IC1 T 1 0 3  

Jn Section we USE many nw.erice1 values pertoining t o  p l s x i e s  

but  defer  refcrsnce t o  the source mater ia l  u n t i l  the  next sec t ion ,  111. 



We infer t b t  the ~trms may be proitucing shocks 3x1 thc H I1 moclium. 

for the ter ; rgcrat i  ratio 



. .  
T '  

Ti 10' % the ehocks might be capable of producing the Lo6 % 

temperature in the CQCOML called for in the 8pi tzer  theory, far, 

a l e  E? canncrt trace the e b c k  details into the high corona, the 

ter,perature -LO6 

where our calculation applies. The Pikelmr theory does not have 

such a eevcre tempemtuxe requirrmant, only 10 %. 

pmaib even close to the disk, hence war 

4 

clmdo as L pssible  heating mechanism; in t h i o  connection, wr, take 

the view tht a spiral  arm cvruld qualif'y a6 a moving gas cloud, In 

the ccse of the  Pikelner halo, shocks are conoWered the hcatl.np; 

sou-ce but there I s  no known driving mchanim fo r  then, of the s trength 

the er.erCy source? 

m g n e t l c  tension on the portion of the a m  farther f'mn the galactic 

Consider the wrk per second done by the 

center than our sunr Thio is, per ~3111, pAV COB a where p io the 

mgnetSc tension in the am, A I s  8m mss-sect ional  area, and V 

1~ our sun's peripheral speed. In an order of mgaitude calcub-tion, 



- 6 -  

t he  s I ra? .  style  c! of thf: z x I  ~511 be negiected,  e spec ia l ly  s ince the  

ams G -  --st  Eclaxies tend t o  be t i g h t l y  womd. The preasure p h s s  been 

alrccd:; c?-r)ut,ed  is 

x IL7 

wide, ‘*ic ‘mve I. = 1.8 X 15, 

two a m s  ’:p~ cos c: 2.e x e r g  sec  . 

p2 i n  t h e  previous ca lcu la t ion ,  therefore ,  p = 3.6 
-11 -2 d : x ~  cp: If the arx thickness i s  250 pc and th ree  times that, 

42 2 cm . ’de then have f o r  t h e  power o u t p i t  of 

-1 

Thr diss i ;>et ions required bj Spi tzor  6nd Pikelner a r e  ehmn i n  

7 i p - F  2. 

‘.!e s ~ e  the? ?he merm supply is captible of dr iv ing  shocks t h a t  could 

h e a t  t’ i ,C i5zey corona. 

T:,iz should not  be in te rpre ted  as aeaning t h a t  the S p i t s e r  model is  

- 
~~ 

neCt’ssiLr”;:r favored by t h e  present calculat ion.  

by e considerable mount  i n  our estimates of  t he  ~ r n  r o t a t i o n a l  s p e d  

kle could easily be low 

which9 i n  +,he SS theory,  may be q u i t e  d i f fe ren t  from the  general  ga l ac t i c  

Tztcriel :.ctationsl speed. The reason is that the arms i n  our view rnove 

t’irou:h f h c  ya?_act-tc: rlediim j v s t  es the shocks do. In  t h l s  process, con- 

s idembl_t  r o t a t i o n e l  motion is likely t o  be imparted t o  t h e  ga l ac t i c  Red- 

i ~ i m  outs3 .d~  the  8 m s ,  and it, could be t h i s  not.ion tha t  E C C O U i l t 8  f o r  nlost, 

o f  t he  - p?lx;ctic rotatLon t h 8 t  we measure w h i l e  t h e  r o t a t l o x 1  speed or” 

t h e  s k c k s  and ams may Se &ill considerably higher. Thus, the Pikelner  

ener,y s ~ q ; ~ P y  c o ~ l d  conceivably be a t ta ined  but  it would be necessary t o  

a s s i ~ e  %ch nmbers  of the  order  of 100 i n  order  t o  Cet s u f f i c i e n t  increase  

i n  V. 

The fsreLoin; energy supply ca lcu la t ion  neglec ts  t h e  enerEy s u p p l i e d  

by the outflow of gas along the galactic a m .  If a rotating Jet  
5 



- 7 -  

of gas in c ~Gutionary g ~ e u u s  medim be conniaersd we ~ p 8 8  that the 

rotary lnrrtlon of the j e t  can Mer certain ~m&itions give rise to 

sh0-k.r~ j u s t  cs my rotating solfd body can and hence the mtflBTJ. 

a l o q  thc rmh-tlng asn can ccartrlbute to the coronal heating Just 

ELS cbn PJZI vith no artflaw can. 

likened t v  u whfrling rope, for vfdch them mld be no outflow, which 

W e a  up c spiral ebpe dm t o  drag and provides a heath8 effect. ) 

In  m.r calcuktfon we considered only the case without a u t f l o w  along 

t k  m. 

(The arm with no cpttf'low can be 

The i-iportmt thine, however, io that we errel  on t he  l o w  

c) mrgy That (he6 I n t o  

i n  turn i n t o  drag and 80 heat. 

action for lqpxxumic drae; to test  whether the drag could be high 

k t  us consider the NevtOnim approxi- 

enotrgh t o  absorb the energy put in to  the am. fpzle drag of' o body of 

thickmse t, lcngth b, such tkt the A o n t a L  area prsmted ta the 



which i s  again ent i re ly  adequate for the Spitzer theory md, since the  

urn o p e d  could be much greater than the m a t e r i a l  speed, this figure 

could again be adequate for the Plkelner themry too. 

It appears, in concluding t h i s  section, that aaeoclating @ l a c t i c  

a m 8  with b c k s  leadie to result8 that are capat ible  w3th those Arom 

c x b t i n g  theories of galactic ~5tructure. 

I 

III. PRACTICAL GALAXY PiOLEL 

The following description of a spiral galaxy is believed t o  be 

representative for the gur;yows of order of magnitude calcule,tions. 

Nuraericnl values are shown in figure 2. 

The galactic halo or corona ie ,  in Spitzer'a theory (15561, at 

a tmpcmturc of -lo6 OK. TM.~ constant temperature prrnroils t-mt 

a q h e r i c a l  volume with dinmeter roughly tis Z w r p  8s the galaxy itself. 

In and nem t he  disk, the t t q e r a t u r e  must huve the clom miliar 

intersteller H I1 value lo4 Og (SBi tzer ,  p. 7, 1954). We still have, 

h=mz:cr, gressure equilibrium between H I and H Il regions and therefore, 

since TX have 10 H atone cm-3 and 100° K i n  the normal H I cloud, tbe 

density in and nea r  the disk  would be the usual intersteller value 

10'1 e1ec-w w prokurs oer-3. -68 fi@aree, lo4 OIL pad m-' ap-3 
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f o r  4~.7;1ci-et,urc and dcnsi ty ,  a r e  i n  linc.: with +hose of Pcrker (195?, 

7- . -  -d(,q). J TTTe P-lkelner (1958, p. 937, sec t ion  ‘) corona 4s cooler, 
I+ ~ 

LO I O F  t h r o u ~ h o u t  with about the  seme p r t i c l e  dens i ty  (F ike lner  13re, 

p. 930, end of sec t ion  3)  we ascribed t o  the  S p i t z e r  node1 !n the  dlsk 

v! cqni ty .  

Tl i r  n s p e t - l c  f i e l d  intensity i n  t h c  corone is ebout on order or’ 

w:ni fude  less than t h a t  i n  the  ga l ac t i c  am. 

ordEr  (PsrLer 1?5R, p.  957, A )  lo’* gauss with 3 x 

I?<,?, I;. 166) tending t o  become accepted i n  t h e  most recent  l i t e r a t u r e ,  

a’ltlioqvh th!-e valtle was not r q a r d e d  as  unreasonably high previocsly. 

The arm vplue is t he  

gauss ( S o l t j e r  

-6 
?+:,e coronal value would then become 3 x 10 

a l s o  %o t h e  prfssure of a gas under the condition8 which we have 

8do;:ted f o r  t he  coronal gas i n  and near t h e  disk.  

gauss which corxsponds  

SoTe rccent  quotat ions on m o p e t i c  f i e l d s  a r e  given by S c i a m  
-6 

(1Qh2, p. 317-25): s p i r a l  arma, 5 x IO 9 disk ,  2 x halo,  

int ,er;alactic space, 5 x 10 gauss. (However, t he  value f o r  the  arm 

S C C - T S  l c w ,  f o r  rcasons Eiven by I io l t je r  (1962, p. 167).)  

-7 

P 

Y’urthei-zore, B i e n a n n  and Davis (1960, Abstract)  deduce 2 X lo-’ 

c i f i i l s s  ?or the  average disk value w’hile t he  values i n  the  ams thenselves  

sholdd be higher. 

considcr f i r  values 1 - 5 ?( 10 

See also  Elvius and IIerlofson (1160, p. 307) who 

-5 Eausa. 

For l e t e r  use w e  a l s o  need some kinematical  and geometrical infor-  

mation on gelsxies .  The thickness of a g a l a c t i c  arm is  taken as 250 pc 

(van de Huht 1958, p. 922, Tab. q) and the width as three timer thia. 
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The angular velocity of an arm of o u r  own Ealaxy is presumed t o  be 

given with s u f f i c i e n t  accuracy by t h e  r a t i o  of the a u n ' ~  peripheral 

sFeed? about 2213 im sec 

centey &bout 8.2 X 10 

-1 to t he  sunla dis tance  from the  g a l s c t i c  

3 
yc. 

"he Sritzer corona d i s s i p t e s  enerm by r a d i e t i o n  with the 
39 -1 ; -curr  ( S 2 i t z e r  1956, p. 31) 1.2 x 10 erg eec ; the  corresponding 

-1 3 ).: lo4' e r g  sec which Pikelner s t a t e s  t o  be greeter  then eny 

h o v n  power.supply outs ide  of the  g a l a c t i c  nucleus. 

IV: BASIC IDEX 
- !n t h e  preceding section, the point of view wa8 taken tha t  t h e  

ks l a r3 t i c  e m s  were phenomena of high speed aerodynamics and a t t e n t i o n  

WGS focused on t h e  quan t i t a t ive  checks t o  which such 8 view could be 

subjected. We s h e l l  now take  the  straightforward approach. The basic 

idea is that t h e  r o t a t i n g  arms, o r  ber,  or  disc, of  t h e  varj.ous galsc- 

tic s7rsterna w i l l  a t  8ome rad ius  from the  p l a c t i c  center  exceed t h e  

s?eed of sound ( i n  H I T  Cas) end, outboard of t h i s  radius,  shocks 

i t i l l  l C i - 7  shead of the  arms and bend the  ams beckward i n  B s p i r e 1  

p a t t e r n .  Th i s  ideo implies severa l  subordfnate ideas (e) t h e  H I1 

p s  f n m ~  n continuum (as a compa@vely r e s t i n g  background), (b)  the  

P : T S  are solrehow 1S.ke solid bodies r o t a t i n g  through t h e  H I1 nledim, 

( c )  t h e  iims a c t u e l l y  exceed t h e  speed or" sound i n  H IX, (d )  we con 

r ,erlcct  the snsnaring, a s  it were, e f f c c t  of the background f i e l d  lines 

on f ' ; ~  &ITS  which would cause e % a p e t i c  dr.a,ctt. Xe now consider  +,heae 

a 

t 
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separeteiy:  

(Terker 1958, p. 960, 2. 965). 

pervaded by tenuous H I1 gas a t  IO4 O K  (with lo6 O X  ca l led  f o r  i n  

some theoriea)  with H I r e l a t i v e l y  dense i n  cloude. (b) The e m 8  

are considered t o  be plasma-magnetic s t ruc tu res  and s ince  the  H I1 

plasma is i n f i n i t e l y  conducting the  magnetic f i e l d s  a r e  frozen Into 

the  am N I1 whereae H I1 already externel t o  t he  a m  remains ex- 

t e rna l .  Therefore, t he  moving e.ma w i l l  a c t  l i k e  so l id  bodiee i n  

t h e  II 11. ( c )  The speed of sound i n  H I1 a t  10,000 *K is  19 km 

(a) rhr view on t h i s  is as s t a t ed  by E. Y .  ~ a r k e r  

Xost of  i n t e r s t e l l a r  a , p c e  is 

sec-". 

mgnitde  f a s t e r ,  however. 

(Xaplan 1959, p. 20) The speed of our a m  is an order of  

Therefor% thorais no quest ion t h a t  t he  

arms can have supersonic ve loc i t i e s  a t  Borne dis tance from t he  nucleus. 

(d)  he awume t h e r e  is no la rge  scale  drag-effect ,  of t h e  disc mag- 

n e t i c  f i e l d  ex terna l  t o  the  arms, on the  bas i s  t h a t  : 

- ~ ~~~ ~~ ~~~ 
~~ 

~~~ ~ ~ 
~~~ 

(1) the  k ine t i c  

energy of  t h e  flow past the  arms is about th ree  orders  of majnitude 

grea te r  than the  megnetic enerby? (2) there  a r e  no indicat ion8 that 

the  magnetic f i e l d s  i n  t h e  halo, nor d i sc  a r e  espec ia l ly  likely t o  

r e t a r d  the  arms, e5 if there  were a la rge  sca l e  f i e l d  perpindicular 

t o  the  disc: (3)  there  m y  be other ft ictors working t o  prevent the 

background f i e l d  from s ign i f i chn t ly  braking the  arm6 such a s  t h e  

m g n e t i c  geometry, o r  t he  l ikelihood t h a t  t h e  observed magnetic f i e l d s  

ere locel ieed i n  the H I clouds with s ign i f i can t ly  weeker f i e l d s  i n  

the  H I1 continuum. 

We now consider the  question of t h e  arm motion becoming supersonic 

a t  borne mdlu8. A disturbance deroribing, a t  constant angular rate Us 
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wri t ten  f o r  e potent ia l  c" i n  cy l ind r l c s l  coordinates r lx td  i n  a 

plane 4r = 0. We noli consider w h a t  heppens when (1) i s  tninsforned 

t o  coordinates which r o t a t e  with the disturbance. 

ordinates  r )  E ,  2;) t h e  flow ia steady, while t h e  tPansformstion is 

si-nydy z = z ,  Equstion (1) now becomes i n  the  

In the new co- 

0: + w t ,  r = r. 

rotatiPrg spmil 

which equation ind ica tes  an essent ia l  change i n  l o c a l  f l o w  charzcter 

( ,-l;ster, p. 239-41) on a cylinder,  concentric with a ,  defined Ly 

2 2  w r  
1 -  = o  

2 e 
OI: or, ?.t the  radius  where the  velocitjr \of the  coo-rdimtes  iigidiy 

co--'. :)?.?tine with t h e  disturbance, i s  just sonic. Inside the %sonic 

cylinder' '  w r  = a (Busenann 1932, 1953) (Davidson 19'3) t h e  flow is 

e s s e n t i a l l y  subsonic. If the disturbance is ins ide ,  no waves a r c  

crested;  i f  the  disturbance is outside,  waves a r e  creEted but re- 

flected a t  the ronfo cylinder. The wave pattern sppeare i n  figure 3 
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for. e disturbance movinc on a c l r z l s  v!th An exsmpie 07 

t1ii.s kind of w v e  propeLa-tion is civen i n  p l a t e  I f o r  .ro%ion ii: 8 

shsllow m t e r  tank of  ( a )  a point disturbance and (b )  a r e d i 2 l l . y  

?. = s/c .  

dlrEcted and submeqed rod. Unfortunately, the  actidal surfcce wave 

phenomena a r e  not a s  sim?le ES f o r  completely submer,:ed ( i n  a Cas) 

rhenomena so t h a t  t he  wave systems a r e  somewhat more conplicated 

11- ~ ,i-an indic9”ed by eqiiation (2)l ‘[evertheless, thc photopaph 

i l l u s t r a t e s  t he  main f ea tu res  o f  Dur discussion f o r  i t  shows how 

t h e  - ~ a v e s  s t a r t  on t he  rod a t  a c e r t a i n  rzdius on2 how t h e  waves 

from t h e  point disturbance do not popaga te  in s ide  of t h a t  SEFE 

rad ius . 
Transferrink the foregoing ideas  over t o  p l - o x i e s  we f ind  cn 

t h e  ba r  extends out 
~ 

explamtion of. a bar e p i r a l  (see figure La): 

t o  t h e  eonic cylinder.  Inside the  sonic cylinder,  t he  am, would 

experience only subsonic drag and would not  be swept back. 

thc  supersonic drag would weep t h e  m m  h c k .  

Outside, 

2ama1 s p i r a l s  would be explained by suFrmsinE the sonic cylinder 

The p i c tu re  t h a t  we have attempted t o  builc! up is sumar izcd  

i n  . % w e  2. 

galaxy with t h e  arms ro t a t ing  behind bow shock wavee. 

Shown a r e  t h e  nucleus and two a r m  of 8 norm~l- s ? i r a l  

lie now consider some questions thtit o f t en  arise i n  t h e  l i t e r a t u r e  

on ga lax ies  and see how they would b2 answered i n  the present theory: 

( a )  Why a r e  sone sp i ra l s  barred, SOXTE. not barred? Beccuse t h e  
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barred sp i r e1  erm and moreover sotnelly min ta ined  t h e i r  own ro ta t ion .  

The shape t h a t  they took i s  sketched i n  f igure  5 .  The notion mainteined 

by the  water f l o w h g  outward i n  the  tubes is the  angular motion labe l led  

w .  i n  t he  f igu re  and which of course corresponds t o  ga l ec t i c  ro ta t ion .  

This ro t a t ion  is caused by the  force !? which i a  due t o  f l u i d  react ion,  

i n  the  kink of the  am, that involves r e s t r i c t i o n  by the  kink, change 

of d i r ec t ion  of  momentum, and i r r eve r s ib l e  e f f e c t s  there ,  a l l  of which 

can be present i n  the  ga l ac t i c  counterpart. It would seem therefore  that 

the re  is no need t o  ask why the  arm does not f a i l  a t  t h e  root  because t h e  

arm may ac tua l ly  be helping the rotat ion.  This, of course, ra i se6  the 

question whether t he  arms can cause the  nuoleus t o  r o t a t e ,  however, we  

do not  consider t he  matter i n  t h i s  paper. 

the angular mt ion ,  the  force in t he  experiment also caused the  tube 

t o  demonstrate another puzzltn6 fea ture  of barred s p i r a l s ,  namely, t h e  

s t ra ightness  of t he  ba r  between the hub (nucleus) and t h e  kink o r  t i p  

of t h e  bar. 

I n  addi t ion  t o  maintaining 

The outwerd component of  the  force  proves vcry e f f ec t ive  

i n  maintaining the  bar comparatively s t r a i g h t  aga ins t  the  drag of t h e  

water and the  f r i c t i o n  of the  c e n t m l  pi?e t h a t  had t o  r o t a t e  with t h e  

tube. f!! sequence from a motion picture  of the  experiment is  shown i n  

Plate 11. One Bee8 the  ahallow water tenk with a barred s p i r a l  arm 

tube i n  motion i n  the  water. 

which r o t a t e s  with the  arm tube and serves t o  feed t h e  water t h a t  flows 

The v e r t i c e l  column is  an aluminum pipe 

outward through the  tube. 

pipe (out  of t he  p ic ture) .  

Water i s  fntroduced a t  t h e  top  of the  aluminum 
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The experimental setup is shown i n  p l a t e  111. The em-eix-datirig- 

tube r o t a t e s  immersed i n  the  c i r cu la r  tank. The aluminum pipe, whlch 

r o t a t e s  as mentioned above, and through which water can be introduced 

i n t o  the  arm tube hcs a t e e  a t  the  bottom end t o  which the  a m  tube 

is  fastened and the  whole pipe assembly is supported on a t h r u s t  Searing 

located where the  technician is  pointing. 

V I .  "€€E IR'BBL3 CLASSIFICATION A N D  TH% SC THEORY 

It 18 believed that the  reader w i l l  f ind  l i t t l e  d i f f i c u l t y  i n  

explaining, with the  preeent theory, the  various s p i r a l  configurations 

i n  t h e  Hubble c laes i f fca t ion .  For instance,  SBc could be a new s e t  of 

arms t h e t  have not  yet bsen bent back very far so t h a t  t h e  kink i s  not 

pronounced. An SBb could be a l a t e  bar s p i r a l  i n  which the  kinking ._ 

process is very advanced and the  arme with l i t t l e  outflow have been 

pushed well back, t h e  tube experiment represented SBb well. 

could then be an advanced state of SBb where the  ~rms t r a i l  i n  a o i rc le .  

We nention these explanations only in t h e  intarelst  of making the  impli- 

cat ion8 of t he  present theory more c l e a r  with the  r e a l i z a t i o n  that 

o ther  explanations fo r  t he  IIubble c l a s s i f i c a t i o n  already ex i s t .  

The SBa 

The normal s p i r a l s  appeal t o  d i f f e r  mainly i n  t h e  t igh tness  of 

winding. 

a r o l e  i n  t h e  present theory i n  t h a t  it d i s t o r t s  t h e  Mach wavea t.ht 

are shown i n  f igu re  3.  ihen there  is  considerable d i f f e r e n t i a l  rota- 

t i o n  of t he  H I1 medlum, it can be shown t h e t  t h e  ?kch wavee a r e  nore 

t i g h t l y  wound. 

We have not mentioned t h a t  d l f f e r e n t i a l  ro t a t ion  a l s o  plays 

This means t h a t  d i f f e r e n t i a l  ro t a t ion  w i l l  cau8e the  
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bow shock W E V ~ S ,  ?xhIiid which *he e rns  advance, t o  be more t i g h t l y  

wormd. 

c lesa i f ica t , ion  could be 2ust manifestattons o f  various strtes o? 

d j f f e r e n t i a l  ro ta t ion .  i”ssluming the  d i f f e r e n t i a l  ro+s t ion  Increasecs 

w i t h  r&l rc t i c  ace, and s ince  d’fferentiel r o t a t i o n  causes the  shocks 

(hence, t h e  arms) t o  be more t i g h t l y  wound, WE: 8ec t h a t  Sc would be 

e a r l y  and Sa would be la te .  

Thus we see t h c i  t he  verious noma1 srirels i n  the  Yubble 

Before closing, l e t  us examine t h e  tl.pht winding phenomencn :n 

more d e t a i l .  

then have, see figure 6 (a) ( f o r  a djaturbance moving i n  a c i r c l e  of 

r a d i u s  r, a t  a n d a r  ve loc i ty  L J ~  and making 8 Mach wave a t  angle a 

Suppose f i rs t  there  is not, d i f f e r e n t i a l  rotEt ion,  we can 

with speed of sound a )  the  relation s i n  0: = a/rw. A t  t h e  sonic c i r c l e  ~ ._ 

r we have rsw = a, so a/u can be eliminated, leaving sin a = ss/r 

which may be wri t ten i n  a form convenient f o r  subsequent comparison 

s 

r - r  1 a =  - 1  r 
8 s i n  a 

This equation g ives  i n  terns of %he sonic  radius r S’ 

t o  E ;-zint on a T-hch wave where the !kch angle is a. 

the  radius r 

Now suppose d i f f e r e n t i a l  rotat ion Is present  of amount v (I-) = 

constant ,  

s i n  =r = a/(rw-v). 

The ve loc i ty  dibkram i s  a s  i n  f igure  6b. de have 

1.t t h e  sonic c i r r l e ,  t h e  diffei-eiicc between 

wave and medium speed is a,  which mans  r w-v = a. 

lead t o  

These equations s 
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Flate I. - Shallov-water waves, made by a 
po in t i i ke  iris tarhanee  rig^) azd 5;; zn il-nnerse!il 
rod ( l e f t ) .  
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3 4 
-- ??ace Motion p i c t u r e  sequence of a f l e x i b l e  tube  s imula t ing  a 

r e t a t i r i g  g a l a c t i c  arm, see t e x t ,  s e c t i o n  V .  Frame speed, 24 sec-1. 
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